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Abstract
High groundwater tables and moisture in road materials strongly reduce the service life of pavements.
Two types of non-intrusive instruments have been tested for their potential to detect moisture in road
constructions: a passive microwave radiometer (MIRA scanner), and a 900 MHz Ground-Penetrating
Radar (GPR). Measurements were made at the surface of a 2.5 m x 2.5 m x 1.5 m full scale model of
an asphalt pavement on a granular road base and a sand subgrade. The model allowed the controlled
raising and lowering of the groundwater table. The moisture conditions in the subgrade and road base
were monitored in observation wells and using Time Domain Reflectometry sensors for the validation
of the non-intrusive measurements. This paper describes the non-intrusive instruments and the test set-
up. The response of the instruments to raising the groundwater table in the full scale model is
analysed. It is shown that the MIRA scanner is capable of detecting variations in moisture in the upper
0.40 m of the road construction, while the GPR clearly detects the groundwater table at greater depths.
An analytical model is presented that is well capable of predicting moisture conditions during the test.
Finally, the paper discusses the potential of both non-intrusive instruments in practice.
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1 Introduction
Water is one of the greatest enemies of roads. High groundwater tables and moisture in pavements
strongly reduce the service life. The depth of the water tables below the road surface of Dutch roads
typically varies from 1.5 m for motorways to 0.3 m for municipal roads on soft soil. Subsidence of soft
soil areas is a major concern in the Netherlands and other delta environments around the world. Soil
subsidence will decrease the depth of the water table at a rate up to 0.1 m in 10 years. A report by
twenty Dutch soft soil municipalities (Platform Slappe Bodem, 2014) estimates the damage to the
Dutch roads and sewers due to soil subsidence and the accompanying water table rise at 250 million
euros annually.
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The 2014 climate change scenarios of the Dutch Meteorological Institute KNMI (KNMI, 2014)
predict higher temperatures, a rapid sea level rise, wetter winters, more intense rainfall and potentially
dryer summers. The combination of these factors will further accelerate deterioration of roads.
Water in roads is hard to detect and the costs of intrusive measurements such as boreholes inhibit
detection on a routine basis. Once damage appears at the pavement surface, repairs often are
expensive. Road owners need a low-cost, fast and non-intrusive method to detect moisture-related
problems in an early stage (Infravation, 2014).
Two types of non-intrusive instruments have been tested for their potential to detect moisture in
road constructions: a passive microwave radiometer (MIRA scanner) and a 900 MHz Ground-
Penetrating Radar (GPR). Measurements were made at the surface of a 2.5 m x 2.5 m x 1.5 m full
scale model of an asphalt pavement on a granular road base and a sand subgrade. The model allowed
the controlled raising and lowering of the groundwater table. Moisture conditions in subgrade and road
base were monitored in observation wells and by Time Domain Reflectometry (TDR) sensors for the
validation of the non-intrusive measurements.
2 Equipment
2.1 Non-intrusive Measurement of Moisture in Road Constructions
Several non-intrusive methods exist for determining moisture conditions in road constructions.
Dawson (2008) gives an overview and discusses their application. All methods rely on the
measurement of geophysical properties, such as the dielectrical constant. Changes in these geophysical
properties are assumed to reflect changes in the mechanical properties. For instance, the dielectrical
constant  of  road  materials  will  change  with  water  content,  that  also  has  an  effect  on  the  modulus  of
subgrade reaction. Calibration factors are needed for the correlation of physical and mechanical
properties. These calibration factors can be determined with localised measurements, which may
include boring and sampling of materials, determining the water level in observation wells or Fall
Weight Deflectometer testing.
Once the calibration factors have been determined, non-intrusive measurements can rapidly
produce good estimates of the magnitude and spatial distribution of features and properties that have
an effect on the condition of the road. The potential advantage of non-intrusive measurements over
other measurement methods depends on minimizing the amount of calibration work. Ideally, non-
intrusive measurements combined with basic knowledge of the materials in the road construction
should produce a general first assessment of potential problems, and detect critical locations for
further investigation by localised tests.
2.2 Passive Microwave Radiometry with the MIRA Scanner
Every natural material on earth emits radiation. Passive microwave radiometers detect the radiation
emitted  by  subsurface  water  at  depths  up  to  several  meters  (Owe  et  al.,  2001).  The  energy  of  the
microwaves is characterised by the radiation temperature. Initially, satellite mounted radiometers were
applied in meteorological and oceanographic remote sensing. The Dutch based company Miramap
developed microwave radiometry (MIRA) scanners for terrestrial applications by mounting L-band
radiometers on a four wheel drive vehicle. The spatial resolution of the equipment is in the order of 1 x
1 m2, at speeds in the order of 5 km/hr. Although the scanners are facing downward, they also pick up
radiation from other sources such as roadside trees. Measurements are also disturbed by the presence
of metal objects above surface or underground, by electromagnetic fields of power lines and by
precipitation.
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One of the successful applications of MIRA scanners is the detection of defects in asphalt layers
used as erosion protection in Dutch coastal flood defences (Figure 1a). This application led to the tests
described in this paper for evaluating the potential of the method on asphalt pavements. The
equipment is sensitive to moisture in asphalt, road base and subgrade soils. However, full scale tests
are needed to learn to identify different materials and estimate their moisture content. Also practical
aspects need to be investigated such as the optimal position of the sensors and depth of penetration.
The scanners respectively measure the radiation temperature of the microwaves in horizontal and
vertical polarisation.
Figure 1: Field measurements using the scanners described in this paper. (a) Four wheel drive vehicle with two
MIRA scanners on a Dutch coastal flood defence (photo: Miramap). (b) Vehicle-mounted Ground-Penetrating
Radar system detecting depth of groundwater in Dutch railway embankments (photo: Terra Carta).
2.3 Ground-Penetrating Radar
A Ground-Penetrating Radar (GPR) emits electromagnetic pulses at frequencies of 20 to 6000
MHz. These pulses are reflected by structures in the subsurface. Moving the GPR over the surface
produces  a  profile  of  the  reflected  signal.  Reflections  of  the  signal  are  caused  by  contrasts  in  the
dielectrical constants of materials. Because the dielectrical constant strongly varies with moisture
content of the soil, GPR is very well suited to determine the position of the groundwater table. GPR
systems may be mounted on vehicles for inspection of roads or railways. Uddin (2014) and Benedetto
et al. (2012) summarize applications in the analysis of pavement thickness and cracking, and
evaluation of geotechnical stability.
Local site conditions, material types and moisture conditions determine penetration depth.
Experience in typical Dutch road constructions shows that the penetration depth of the 900 MHz GPR
system is between 0.4 and 0.5 meters (TerraCarta, personal communication). Penetration below the
groundwater table is very limited. Vehicle mounted GPR systems such as shown in Figure 1b operate
at speeds up to 10 km/hr. GPR systems using air-launched antennas can operate at traffic speed, with
frequencies between 1.5 to 6 MHz. The high resolution of these measurements allows the
measurement of thicknesses of separate asphalt layers and detection of cracks (Uddin, 2014).
Terra Carta has used a GSSI SIR-3000 GPR with 900MHz antenna to determine the groundwater
table in the model container. The GPR was placed directly on the surface of the road construction.
2.4 Model Container
The  main  purpose  of  the  test  was  to  assess  the  potential  of  the  MIRA  scanner  and  the  GPR  for
determining moisture conditions in road constructions. For this purpose, a model container was built
a b
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holding a full scale road construction, with the possibility of raising and lowering the groundwater
table in the subgrade and road base (Figure 2 and Figure 3). The water level and moisture content in
the subgrade and road base were measured by two observation wells and three Time Domain
Reflectometry (TDR) soil moisture probes at 0.45, 0.75 and 1.1 m depth below the pavement surface
(Figure 3a). The inside dimensions of the container were 2.5 m x 2.5 m x 1.5 m. This was considered
large enough to eliminate boundary effects in the measurements. The container and supporting
structure were made entirely of wood. No metal parts were used to prevent disturbance of
electromagnetic signals.
One  corner  of  the  container  held  a  compartment  that  was  filled  with  water  during  the  test.  An
80  mm  diameter  drain  tube  at  the  bottom  of  the  container  was  connected  to  this  compartment  to
infiltrate water into the subgrade. The road construction in the container consisted of 0.97 m of
medium grained sand (subgrade), 0.20 m of 0-31.5 mm grading crushed masonry and concrete
demolition waste aggregate (road base) and 0.17 m of hot mix asphalt (pavement). All materials were
compacted by a vibrating plate compactor. Compaction of the subgrade and road base was checked
using a nuclear density probe and found to comply with the Dutch standards. Eight 0.03 m diameter
holes were made in the asphalt to allow the escape of air during groundwater rise and to enable water
infiltration from above.
Figure 2: Model container. (a) Empty. (b) Cross-section with road construction (source: Dibec).
Figure 3: Instrumentation. (a) Layout of monitoring equipment, top view (source: Dibec). (b)  MIRA scanners in
horizontal and vertical polarisation mounted above the model container (source: Miramap).
a b
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3 Results
3.1 Testing Conditions
During initial tests in December 2014 the sand subgrade was first fully saturated and then fully
drained. Further testing was postponed several times because of weather conditions. Leakage from the
container seams complicated the control of the water table. The leakage could be stopped largely by
injection of a gel.  The GPR tests were carried out on 12 March 2015, the MIRA scanner tests on 10
April 2015. Weather conditions during both tests were sunny and dry.
3.2 Groundwater Table
It  can  be  assumed  that  the  moisture  conditions  at  the  beginning  of  the  GPR  and  MIRA  scanner
tests were at equilibrium, because of the long periods between the initial tests, the GPR test and the
MIRA scanner test. The groundwater table in the model road construction was raised by filling the
water compartment. Water started flowing through the drain tube at the bottom of the box (Figure 2b)
and saturated the subgrade and road base from below. Keeping the water level in the compartment at a
constant height resulted in a slow rise of the groundwater level in the road construction.
The GPR test was terminated after 85 minutes when the water level had reached GL1 -0.45 m.
After that, the groundwater level dropped slowly due to leakage along the seams.
The  total  duration  of  the  MIRA  scanner  test  was  3  hours.  In  the  first  2.5  hours  of  the  test  the
groundwater table in the subgrade and road base rose gradually while the water level in the water
compartment was kept at GL -0.15 m. The maximum groundwater table that was reached in the road
construction was GL -0.23 m. At this point, the capacity of the pump filling the water compartment
was  equal  to  the  leakage  through the  seams of  the  container.  The  water  level  could  be  raised  only  a
few centimetres more by infiltrating water from above through the holes in the pavement.
Figure 4 shows that the water table in the observation well agrees well with the full-saturation
water level measured by the TDR sensors. This means that the groundwater conditions were relatively
homogeneous across the container. This was confirmed by GPR measurements across the container,
that showed variations in the position of the groundwater table no larger than ± 0.05 m (Figure 5a).
3.3 MIRA Scanner Results
Figure 4a shows the response of the MIRA passive microwave radiometers. The radiometer in
vertical polarisation is sensitive to ambient temperature and to changes in the electromagnetic
properties of the subsurface. The measured radiation temperature increased by 1 to 2 degrees during
the test as a result of increasing ambient temperature and solar irradiance. There is no response of the
radiometer in vertical polarisation to the changing water level in the road construction. Only after
water had been sprayed on the pavement surface around t = 2:35, a response was observed.
The radiometer in horizontal polarisation is especially sensitive to water level changes in the
subsurface, because water significantly changes the dielectrical properties of the subgrade and road
base. The radiometer did not produce stable measurements during initialisation in the first 20 minutes
of the test. The decrease in brightness temperature in both polarizations at t = 2:45, when groundwater
levels were at their peak, suggest the detection of moisture by the radiometers.
The results of the radiometer in horizontal polarisation indicate that water is detected if the water
level is less than 0.45 m below the pavement surface at t = 1:50. This is approximately equal  to the
bottom of the granular  road base.  Up to t = 1:50,  the radiation temperature  in horizontal polarisation
does not respond to the increase in water level due to damping of the signal from the saturated sand by
the asphalt and granular road base.
1 GL = Ground Level = top of the asphalt layer
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Figure 4: Results of the MIRA scanner test. (a) Brightness (radiation) temperature in vertical and horizontal
polarisation. (b) Microwave Polarisation Difference Index. Centre: pavement, road base and subgrade position.
The Microwave Polarisation Difference Index (MPDI) is determined from the measured radiation
temperatures in horizontal (Th) and vertical (Tv) polarisation (Owe et al., 2001). MPDI is independent
on the temperature of the material.
ܯܲܦܫ = ௩ܶ െ ௛ܶ
௩ܶ + ௛ܶ (1)
An increasing MPDI indicates an increase in moisture content as Th has the greatest sensitivity to
soil moisture (Owe et al., 2001).The scanners detect moisture for the first time around t = 1:50 (Figure
4b).  Due to  leakage  along the  seams in  the  upper  half  of  the  container,  the  water  level  could  not  be
increased much higher than the bottom of the granular road base. This explains the absence of a clear
trend in the data that is related to the level of the water table. At t = 2:30, water was poured into the
holes in the pavement, increasing the water content of the granular road base. This action also caused a
strong decrease of radiation temperatures in both horizontal and vertical polarisation.
The tests show that the MIRA scanners detect the water table at depths of 0.40 to 0.45 m below the
road surface.
3.4 Ground-Penetrating Radar Results
Figure  5a  shows  the  raw  GPR  data  in  a  1.75  m  long  cross  section  showing  the  position  of  the
bottom of the asphalt layer and the groundwater table. Figure 5b shows a composite image of filtered
GPR data during the test, sampled every second by the stationary GPR. The depth scale was obtained
by calibration of GPR travel times against the depths of known reflectors.
In the production of Figure 5b reflectors other than the groundwater table were removed from the
raw  data.  For  a  specific  measurement,  between  3  and  100  measurements  left  and  right  of  this
measurement were averaged. Then, the averaged measurement is subtracted from the measurement
being considered. This procedure is repeated for all measurements during the test, thus effectively
removing reflectors constant in time such as the pavement layers. Only reflectors changing in time
remain, such as the rising groundwater table.
The GPR clearly detects the water table up to 1.35 m, the depth of the model container. This
penetration exceeds the empirical values of 0.4-0.5 m attained in Dutch practice. The high penetration
is attributed to the homogeneity of the subgrade and the low salinity of the water in the test.
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Figure 5: Results of the GPR test. (a) GPR section across the model container, raw data. (b) Composite image of
filtered GPR data during the test, showing the rising groundwater table. Right: pavement, road base and subgrade
position.
4 Analytical Modelling
The rise of the water table in the model container can been modelled analytically by considering
vertical flow and storage. Given that the water container is filled to a level Hw at t = 0, and assuming
the height H(t) of the groundwater table in the sand subgrade at time t, the vertical flow q(t) is given
by q(t) = ki = k[Hw – H(t)] / H(t). This vertical flow q(t) equals the storage in the pore space of the
subgrade, given by q(t)dt = ndH(t). The solution of the resulting differential equation is:
ܪ(ݐ) = ܪ௪ + ܪ௪W଴ ൤െ݁ݔ݌ ൬െ
݇
ܪ௪݊
ݐ െ 1൰൨ (2)
Here, q(t) is flow rate in m3/m2/s, i is the hydraulic gradient, k is the subgrade permeability in m/s,
n is  the  subgrade  porosity  and W0 is the Lambert W function. Subgrade permeability k = 110-4 m/s
and porosity n = 0.325 were estimated from the grain size distribution, using correlations by Beyer
(1964)  and Youd (1973) respectively.
The calculated groundwater table rise matches the water tables measured in the observation wells
(Figure 4) for a value of Hw = 1.0 m. This shows that the analytical model is valid and that model
parameters can be estimated sufficiently accurate from index tests and expert knowledge.
5 Conclusions, Discussion and Future Work
The tests showed that the MIRA scanners detected the water table in the granular road base at
depths  of  0.40  to  0.45  m  below  road  surface.  The  sensitivity  of  the  scanners  was  not  sufficient  to
detect the water table rise in the sand subgrade at greater depths. Water on the surface of the pavement
caused a strong response of the MIRA scanners. The GPR detected the water table up to the maximum
depth of the model container, after removing known reflectors from the raw data. The depth of the
water  table  inferred  from  the  filtered  GPR  data  agreed  well  with  the  water  table  measured  in  the
observation wells. An analytical model with subgrade properties estimated from the grain size
distribution and expert knowledge predicted the water table rise in the subgrade with sufficient
accuracy.
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Additional measurements with the MIRA scanners on real road constructions will be needed to
relate scanner readings to moisture conditions in asphalt layers and road base. Because the scanners
are very sensitive to water near the surface, the MIRA scan may be particularly suited for detecting
moisture at debonded layer interfaces or in vertical cracks in the asphalt layers. Since moisture in
asphalt layers can also be detected by GPR (e.g. Evans et al. 2012), it will be interesting to compare
MIRA and GPR results.
In a first GPR survey of a real road construction, it will not always be clear what reflector
represents the water table. Repeated measurements in different seasons will differentiate between
permanent reflectors such as layer interfaces, and variable reflectors such as the groundwater table.
A combination of MIRA and GPR scans seems well suited for rapid and non-intrusive assessment
of moisture conditions in road constructions. The MIRA scanner will detect moisture in pavement and
road base, and the GPR will detect moisture at greater depths in the subgrade.
Numerical modelling will be required to capture the complexity of moisture transport in real road
constructions. The Dutch Knowledge-for-Climate program has delivered the DgFlow model (Van
Esch, 2012) for analysing the impacts of climate change on moisture conditions in embankments,
including the effects of precipitation, evaporation and rising groundwater tables.
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